During 1997, the Fermi National Accelerator Laboratory (Fermilab) embarked on a program to investigate locations on the Fermilab site where activation of soil and ground water by accelerator operations has possibly occurred in the past and may occur in the course of planned future operations. A considerable body of data has now emerged from this ongoing process. The results are being applied to planned future accelerator operations, to the environmental monitoring program, and to the methodology employed to design and evaluate environmental radiological shielding. The results are already having a significant impact on the design of future accelerators at Fermilab.
Introduction
During 1997, the Fermi National Accelerator Laboratory (Fermilab) embarked on a program to investigate locations on the Fermilab site where activation of soil and ground water by accelerator operations has possibly occurred in the past and may occur in the course of planned future operations. A considerable body of data has now emerged from this ongoing process. The results are being applied to planned future accelerator operations, to the environmental monitoring program, and to the methodology employed to design and evaluate environmental radiological shielding. The results are already having a significant impact on the design of future accelerators at Fermilab.
Description of the Relevant Environmental Conditions at the Fermilab site
Fermilab is a single purpose high energy physics laboratory, situated on 6800 acres, approximately 35 miles west of Chicago. The Laboratory employs high energy proton accelerators, culminating in the 1 TeV synchrotron (Tevatron), to study the basic units of matter. The Laboratory is located in an area that has undergone a transition from largely agricultural activity to one dominated by suburban residential communities over a period of roughly thirty years. A map showing the location of Fermilab is provided in Fig. 1 .
The laboratory is located on a glacial landscape underlain by bedrock, lying on an intermorainal zone east of the north-south trending Minooka Moraine and west of the similarly trending West Chicago Moraine. This region consists of layers of silts, sands and unconsolidated glacial tills ranging in thickness from 60 to 100 feet. These unconsolidated units overlie massive bedrock composed predominantly of dolomite, which varies from approximately 50 to 100 feet thick. The dolomite overlies an older formation that consists of less than 100 feet of shale and dolomite.
The site is relatively flat. Surface elevations on the site range from approximately 790 feet above mean sea level (MSL) where the Minooka Moraine exists on the northwest corner of the site, to around 710 feet MSL along the eastern boundary of the site. Bedrock elevations range from 688 feet above MSL in the northwest corner to 635 feet above MSL in the northeast corner of the site and generally follow the regional trend of a south-southeasterly dip.
Surface waters on the Fermilab property include twelve lakes and three creeks. Two reflecting ponds, various associated transfer ditches, and two isolated unnamed ponds at the eastern boundary of the site make up the remainder of the site's surface waters. Two creeks originate on the site and have established points where waterways of the State of Illinois begin. The third creek flows through the northeastern corner of the site and is classified as waters of the State of Illinois. Class I ground water (i.e., aquifer) is not in direct contact with surface water anywhere on the site.
The overlying glacial soils contain a saturated zone but do not yield sufficient water quantities to classify as an aquifer. Recharge to the glacial deposits is due to local precipitation. The glacial soils have sporadic sand and gravel lenses dispersed within or between predominantly silty/clayey tills. The glacial deposits occur in a sequence that conforms to the currently recognized regional sequence in northeastern Illinois. The sequence has been extensively characterized recently in connection with site monitoring activities.
The sequence of deposits consist of a thin mantle called the Peoria Silt and related deposits less than 5 feet thick overlying a succession of glacial deposits comprising what is called the Lemont Formation. The Lemont Formation is generally 60 feet to 70 feet thick and is subdivided into two members, the Yorkville and Batestown Members. The Yorkville Member is further subdivided into four distinct depositional units. Stratified sediments classified as the Henry Formation can be found locally between these units and above bedrock. These deposits have a generally low hydraulic conductivity. Groundwater movement is predominantly vertical and velocities vary through each of the units depending on the hydraulic gradient.
The uppermost aquifer in the region is the Upper Bedrock Aquifer. This aquifer is made up of the Silurian-aged dolomite and local areas of coarse-grained basal glacial deposits. The horizontal hydraulic conductivity (4.5 x 10 -3 cm/sec) and an estimated effective porosity of 0.15, results in a calculated horizontal ground water flow velocity through the aquifer of 0.70 ft/day. This value for the bedrock formation is generally high. Horizontal groundwater flow dominates within the unit but seepage velocities are low due to the low hydraulic gradient.
The piezometric surface of this upper bedrock aquifer lies 10 to15 feet above the upper bedrock, indicating that the overlying glacial deposits confine the aquifer. Within the dolomite the ground water occurs in irregularly distributed joints, fissures, solution cavities, and other void spaces. The water yielding openings are irregularly distributed both vertically and horizontally. The upper portions of the dolomite are reported to be more permeable than the lower parts, and recharge is derived locally, mostly from vertical infiltration of precipitation through the overlying glacial deposits and lateral flow from recharge areas. Ground water movement within this aquifer is mainly southerly to southeasterly, although this can be influenced locally by areas of groundwater withdrawal.
Principal Environmental Radiological Conditions Found at High Energy Proton Accelerators
High energy proton accelerators at laboratories worldwide produce unique radiation fields that have been described in detail elsewhere (Co 99). The aspects of those radiation fields that are of importance with respect to the protection of the environment are:
• the potential radioactivation of the environmental media (soil or rock) near target stations and in proximity to locations of significant losses of beam and the consequent potential to contaminate groundwater; • the possibility of the discharge of surface waters contaminated by radionuclides; • concerns about potential leaks from beam absorbers and/or cooling water systems; • the potential emissions of airborne radionuclides; and
• the propagation of prompt radiation consisting of muons, photons, and neutrons to offsite locations.
These considerations, which exist at all large proton accelerators are also of concern at Fermilab.
Description of the Ongoing Fermilab Environmental Monitoring Program
For almost 30 years Fermilab has placed a high degree of importance on its environmental protection program, in particular with respect to environmental radiological protection. For example, as early as 1971, Robert R. Wilson, the Director of Fermilab established a goal to maintain the radiation dose equivalent at any point on the boundary of the Fermilab site at a level less than 10 mrem per year. This policy was implemented as a result of Wilson's foresight concerning the future situation of the laboratory in a suburban setting. Wilson also strongly believed that the laboratory site should be open and available for access by members of the public to the extent possible. The 10 mrem goal was initially conceived to apply to prompt radiation emitted in the course of accelerator operations (principally high energy muons) but has been applied to photon radiation emitted in the course of the radioactive decay of accelerator components being stored for future use 1 . This goal has been exceeded slightly on a small number of occasions, but has been largely adhered to. The maximum dose delivered in a given year was 15.9 mrem, in 1990, and in only four of twenty-five years has the annual dose equivalent exceeded the 10 mrem goal. The mean dose equivalent for the Laboratory from 1974 to 1998 is 3.1 mrem per year. Early in its history, Fermilab also devoted considerable attention to the protection of groundwater. The glacial till at Fermilab has a relatively low value of hydraulic conductivity, which suggests that the downward migration of radionuclides proceeds on a time scale that is long compared with the lifetimes of those same radionuclides. Despite this possibility that the radioactivity might well decay completely prior to its reaching a viable aquifer, facilities at Fermilab have been designed assuming relatively rapid migration of radionuclides through the glacial till to the aquifer. The history of radiation protection at Fermilab has been described in further detail elsewhere (Co 94).
For many years technical specialists in environmental protection and radiation protection engaged in projects designed to better understand the radiological and hydrogeological conditions found in the environs of Fermilab. These projects included theoretical evaluations and the collection and analysis of radiological and hydrogeological data. While this work was comprehensive in nature, it had largely been conducted entirely by the environment, safety, and health organizations, with only limited involvement of the organizations and individuals responsible for operating the accelerators and the associated high energy physics research program. These limited points of interface have nevertheless been important and are ongoing. They consist chiefly of the participation of the radiation and environmental protection staffs in the design of facilities within the specified guidelines; the measurement of environmental radiation fields created by accelerator operations; the tabulation of integrated proton beam intensities; and, to some degree, in the preparation of annual reports. This arrangement has persisted since the early days of the facility and has been conducted in the same manner since the introduction of the Tevatron accelerator, in approximately 1985. As one might naturally expect, the knowledge of design details and operational conditions is more detailed for those facilities that have operated most recently.
Description of the Review Process Initiated in 1997
Since the 1980s, the experiences of society at large have increased public awareness of environmental issues, and especially the hazards of ionizing radiation. At the same time, the rapid development of the area in which Fermilab is located has made the Laboratory extremely visible to many people. Recent developments and incidents at other facilities similar to Fermilab in this country and worldwide have drawn further attention to the importance of environmental radiation protection.
Recognizing this, during 1997, John Peoples, Jr., the Director of Fermilab, along with senior management, launched a program to identify and systematically investigate locations on the site where potentially significant environmental vulnerabilities might exist. The goals of this program were to:
• improve monitoring of environmental conditions; • increase management involvement in and understanding of environmental issues associated with accelerator operations; • identify and implement improved practices; and • improve the technical bases for assuring the neighboring public that Fermilab operations are not significantly affecting the environment.
At the outset, a review of available historical data pertaining to accelerator operations was performed and a list of possible study locations on the Fermilab site were developed. In this process, a large number of such areas were identified where significant losses of the proton beams were known to have occurred due to past operations. The locations were individually assigned a priority of "low", "medium", or "high" for further study based upon answers to the following questions:
• Available information for a number of sites was reviewed by personnel responsible for accelerator operations in order to obtain valuable input information relevant to potential vulnerabilities, and each site was ranked by its amount of risk to the environment. Although this process is somewhat subjective, the results are as valid as those that might have been obtained using a numerical evaluation system. Such systems are ultimately based upon subjective judgements as well. The results of this initial ranking for the areas considered are tabulated in Table 1 . The highest priority was reserved for those locations to which high beam intensities had been routinely delivered, those locations for which there were known gaps in reliable documentation of historical operations and for which "anomalous" monitoring results had been reported. All but one of the "high" priority studies involved accelerator operations that had been conducted in the years prior to the Tevatron, where the delivery of beam power 2 had been higher and the documentation of operations and the environmental monitoring program had been less complete. The table also includes ongoing follow-up activities that are discussed below and provides the names of members of the Fermilab staff who were identified as possible points of contact.
The results of this ranking process have been employed to prioritize the efforts to improve the environmental monitoring program at the Laboratory. These efforts have continued with the support of those responsible for the operation of the accelerators. To augment these efforts, the Fermilab Director formally chartered a series of five review committees to study the available information on the candidate locations of interest as well as to improve the knowledge base concerning past operations and pertinent details of design features. These committees included physicists, engineers, and technicians as well as professional environment, safety, and health staff familiar with past accelerator configurations and operations. In some cases, retired employees were utilized in order to take advantage of their knowledge and experience. The time to start this initiative was chosen in part to take advantage of such "institutional memory" while it was still available. Written reports including recommendations were specifically requested from the committees. Table 1 indicates the locations of interest covered by these particular committees. In concert with the Director's initiative, the Head of the Fermilab Beams Division, the organization responsible for accelerator design, commissioning, operation, and maintenance, established four more committees to address concerns in areas where operations in the near term future were planned. These committees were similarly chartered and staffed. The locations addressed by these committees are also indicated in Table 1 . Figure 2 is a map of the Fermilab site that shows the locations of these studies.
Each of the formal committee charters included the following elements:
• the review of the shielding calculations performed to evaluate soil activation; • the review of current plans of the environment, safety, and health organization for improvements in monitoring programs; • the review of the legacy of past operations; • the review, where appropriate, of the impact and needs of future operations; and • the identification of lessons-learned for future committees.
The committee reviews were chartered over a period of four months. As the committees proceeded in carrying out their tasks, the observations of the other committees were made available to them in order to promote a uniformity of approach. Fifty seven different individuals were appointed to these nine committees. Figure 3 shows the distribution of these individuals by their roles at the time of this work. In this plot, each individual participant is tabulated only once. Thus, if a physicist was also a senior manager at the time of establishment of the committees, the latter role was the one tabulated.
Upon receipt of the report of the committee, the Director or the Head of the Beams Division, as appropriate, solicited the submittal of a corrective action plan from the appropriate laboratory organization. The organizations involved were the Beams Division, the Environment, Safety, and Health Section, and the Facilities Engineering Services Section. Issues concerning accelerator operations and beam intensity monitoring and tracking naturally were referred to the Beams Division. Suggestions for improvements in the monitoring program were assigned to the Environment, Safety, and Health Section. The Facilities Engineering Services Section became involved to resolve questions concerning civil construction. Coordination between organizations was required to implement several activities. For example, the installation of monitoring wells near the accelerator enclosures might require the coordination of all three organizations to minimize the potential for harming the enclosures or disrupting accelerator operations. Details of follow-up activities will be discussed in more detail below and are also summarized in Table 1 .
Observations Concerning the Review Process
Several observations can be made about the functioning of this process that might be useful in future similar endeavors. The involvement of physicists and engineers was generally productive. It effectively utilized "institutional memory", enhanced awareness of environmental protection matters of concern by personnel responsible for future operations, reinforced the need to properly design and operate the accelerators and target stations, and educated a significant number of personnel on technical details related to this topic.
Lessons learned include the importance of feedback among the various committees as they conducted their individual, parallel investigations, and the usefulness of providing more or less formal presentations on areas in which expertise was lacking (e.g., groundwater modeling assumptions, environmental monitoring program, hydrogeology, etc.). The "staggered starts" for the review committees was useful because it allowed for feedback from one committee to another.
Some committees submitted their written report in a more timely manner than did others. This was presumably a consequence of assigning these tasks to experienced personnel who were heavily involved in other projects and assignments. On a few occasions, there were some tendencies for the committees to pursue particular issues with such enthusiasm that the scope of the original charter was exceeded. In these instances, the committees typically went beyond the identification of a problem or an issue to initiate a detailed investigation, which could have been simply included as a "recommendation".
Common Technical Observations
A number of substantive technical conclusions and recommendations were common to multiple committee reports. Most of these technical observations should be carefully considered when new projects are designed, constructed, and operated. These are discussed below:
• "As-built" drawings were found often to be inaccurate or nonexistent.
• Some beam monitoring instrumentation had been installed for good reasons, and then later "orphaned"; that is, it was not maintained or was subsequently ignored.
• Data from beam operations and environmental monitoring were not always retained in a retrievable, consistent form.
•
The monitoring well network should be improved, generally as proposed in recent years, but with some new specific input gleaned from the review process.
• Environmental monitoring needs should be incorporated into designs of future target stations earlier in the design process.
• Soil borings should be done at each target station location during its design, as there may be impacts on the shielding configuration.
The method of calculating radionuclide concentrations in groundwater from soil activation rates includes some assumptions concerning hydrogeology that were overly simplistic.
The leaching of radionuclides for the environmental media needs to be better understood.
• Monte-Carlo codes need to be benchmarked and used by people who understand the underlying physics.
• Underdrain discharges do not provide good data on radionuclide migration, contrary to previous thoughts. They were not designed for this purpose and, not surprisingly, fail to achieve this objective.
• Some infrequently employed surface water discharge practices were discontinued as they were found to be "allowed" but inadvisable.
Beam loss points other than targets or large beam absorbers may be important.
• A need to dispose of some cooling water to mitigate risk of leaks/spills was identified.
• Off site muons should continue to be measured. One important measurement that required special scheduling was actually conducted during the series of committee meetings.
Present Status
The operation of these committees resulted in an increased emphasis on environmental protection considerations during design, construction and operation of Fermilab facilities. Since 1996, the ground water monitoring program has been significantly updated by replacing suboptimal monitoring wells with state-of-the-art wells and well networks. As part of the planning for this activity, a "source-specific" strategy was employed, in which priority potential sources of ground water contamination were identified primarily by incorporating the results and recommendations of the committee reports. In addition to locating and constructing the wells, detailed geologic and hydro-geologic information was obtained during the well construction to better characterize the environment into which potential contamination may be introduced. The result is that the comprehensive monitoring and surveillance program for groundwater was dramatically improved.
Calculational methods for predicting the transport of radionuclides toward ground water have been significantly improved as a result of questions arising from the committees' investigations. The model used previously was extremely conservative, and was predicated on predicting the impact of contamination at a distance from the contamination source. With the addition of much more accurate hydro-geologic information, more sophisticated methods can be used to predict movement of activated water through the ground while maintaining a comfortable level of conservatism. The upgrading of these methods continues.
The design of the next generation of experiments and facilities at Fermilab has already benefited from these studies by making project leaders aware of the importance of designing environmental protections into their projects early rather than having to add them on later. The design of the NuMI and MiniBooNE projects, for example, have held environmental concerns in high visibility positions since their inceptions.
We have adapted the original matrix developed to initially prioritize potentially vulnerable sites into a status sheet for progress on mitigating these vulnerabilities. Many of the categories originally thought to be important have been consolidated or assimilated into others and actions taken to address concerns have been added as updates. The status matrix is, therefore, a continually changing document, reflecting environmental protection activities as they are undertaken and completed. The current matrix is shown here as Table 2 .
Fermilab Chicago Figure 3 . Distribution of participants in the review committees established in 1997. For individuals who have played multiple roles at Fermilab in the past, only the current role (as of 1997) was tabulated. "Rad. Prot." and "Env. Prot" denote radiation, and environmental protection specialists, respectively. "Engineer" generally included mechanical, civil, and electrical engineers with extensive knowledge of the construction and or operations of the appropriate areas. "Retiree" included individuals who have played a major historic role in accelerator operations at Fermilab. There are sump and soil sample data from this absorber location. All sump samples < 2 pCi/ml H-3, and soil samples are < 0.3 pCi/ml. Like Linac #1, this absorber was overdesigned in terms of length and downstream contamination is not expected. Some calculations available in BD Documentation Center.
It would be a good idea to obtain an approximate beam history on this absorber. Then, one could compare the calculations with the measurements and also assure ourselves that this absorber is understood.
LOW -Due to the conservative design and the low values of existing monitoring results.
No work subsequent to evaluation.
